This study investigates the optimal supply chain design for commodity chemicals (BTX, etc.) production via woody biomass fast pyrolysis and hydroprocessing pathway. The locations and capacities of distributed preprocessing hubs and integrated biorefinery facilities are optimized with a mixed integer linear programming model. In this integrated supply chain system, decisions on the biomass chipping methods (roadside chipping vs. facility chipping) are also explored. The economic objective of the supply chain model is to maximize the profit for a 20-year chemicals production system. In addition to the economic objective, the model also incorporates an environmental objective of minimizing life cycle greenhouse gas emissions, analyzing the trade-off between the economic and environmental considerations. The capital cost, operating cost, and revenues for the biorefinery facilities are based on techno-economic analysis, and the proposed approach is illustrated through a case study of Minnesota, with Minneapolis-St. Paul serving as the chemicals distribution hub.
Introduction
The growing interest in biofuels production has generated much related research in economic analysis, environmental assessment, and supply chain system design (An et Researchers have also been aggressively exploring the supply chain design for biomassderived transportation fuels (gasoline and diesel fuel). You et al. (2011) presented the optimal design and planning of a biomass-to-liquids (BTL) supply chain under economic and environmental criteria. You's design was based on a distributed preprocessing and centralized conversion network. Kim et al. (2011) designed an optimal biomass supply chain network for transportation fuels production under uncertainty and then analyzed the robust design with Monte Carlo simulation. Elia et al. (2013) developed a nationwide supply chain optimization framework for a BTL system using hardwood biomass for gasoline, diesel, and jet fuel production.
While much research is devoted to the use of biomass for fuels, there has been a concurrent growing interest in the use of biomass for the biobased products, such as renewable chemicals (Brehmer et (2008) discussed the possibility of establishing a renewable chemicals industry and reported that from both economic and ecological perspectives, such an industry might be most advantageous to secure the optimal use of abundant, but limited, bioresources. Vispute et al. (2010) proposed a novel integrated catalytic thermochemical pathway to convert woody biomass to commodity chemicals, such as benzene, toluene, and xylene aromatic hydrocarbons (BTX). In this pathway, the bio-oil produced from woody biomass fast pyrolysis undergoes two-stage hydrotreatment followed by fluid catalytic cracking (FCC). Due to the high selectivity of commodity chemicals products attainable using this production pathway, the pathway has garnered significant attention and has inspired further examination of its economic feasibility and environmental effects. A techno-economic study has been conducted to examine the five commodity chemicals production scenarios, one of which was Vispute's two-stage hydrotreating followed by FCC. Vispute's pathway is found to be the most profitable among the five scenarios (Brown et al., 2012) . Another techno-economic study concluded that this chemicals production pathway is economically feasible, in which the facility internal rate of return was predicted to be as high as 13% for a 20-year project (Zhang et al., 2013b) . A life cycle assessment was conducted to examine the environmental performance and found that chemicals production via the integrated catalytic processing pathway could reduce GHG emissions significantly compared to the petroleum-based chemicals production (Zhang et al., 2013c) .
Although there have been many studies of supply chain design and optimization for biofuel production, there have been few papers addressing supply chain design and optimization for renewable chemicals production from woody biomass via the thermochemical pathway. In this paper, a supply chain network is designed and optimized for the biobased chemical production pathway, using MILP modeling to optimize the locations and capacities of distributed preprocessing hubs and centralized biorefinery facilities. This paper examines both economic and environmental criteria in a multi-objective framework that allows analysis of trade-offs between economic feasibility and environmental impact. A case study for the state of Minnesota is presented to illustrate the integrated supply chain network design model. performed on the hydrotreated aqueous phase to produce commodity chemicals. In addition to the primary raw material the woody biomass, hydrogen is needed for the twostage hydrotreating process. Hydrogen is produced through the steam reforming of natural gas. Natural gas usually contains sulfur, so the gas goes through a desulfurizer for purification before entering the steam methane reformers and water gas shift reactors.
2.Materials and Methods

Integrated catalytic processing pathway
The produced hydrogen is then separated from the syngas and send to the hydrotreaters. 
Supply chain model description
In this paper, the optimal plant sizes, locations, biomass and product flows are considered as the decision variables for the integrated supply chain design. Table A1 ( in the appendix) shows descriptions for decision variables and the parameters for the economic and environmental objectives. Figure 2 illustrates the supply chain network schematics for chemicals production via woody biomass fast pyrolysis and upgrading. First, the woody biomass is harvested and collected from location i. Two types of woody biomass are considered: raw forest residue and the residue chipped with a road-side chipping method. Both woody biomass types need to be preprocessed for size and moisture reduction before conversion. For biomass preprocessing, two methods are considered. One method is distributed preprocessing, where multiple preprocessing centers are located close to biomass sources. The other method is integrated preprocessing, where the biomass is gathered into one integrated facility. The integrated facility has a preprocessing facility and the biorefinery facility.
All the preprocessing facilities are to chop, dry, and grind the biomass to reduce the moisture and sizes. Then the preprocessed biomass is sent to the biorefinery facilities.
Chemicals and co-products are produced at the integrated facility location. The coproducts are char and lignin which are left at the local location and the chemicals are transported to the distribution center.
{Insert Table 1 
Economic objective
The economic objective is to maximize the net present profit for a 20-year project producing commodity chemicals via woody biomass fast pyrolysis and upgrading:
The ������ is a function of the annual revenue The discounted factor � is used to calculate the net present. Annual interest r is assumed to be 10% for the 20-year project (2011-2032). The discount factor is shown below:
The annual revenue ���� ������� is the sum of the revenue from chemicals product and the revenue from the co-products at individual plant location in year t as described in Equation 3 . The annual revenue is not same for every year since the selling price of the
) is assumed to be changing every year. The prices of chemicals throughout the years are predicted based on EIA petroleum price prediction.
The annual variable operating cost ���� ����� is a sum of variable operating costs for the distributed preprocessing facilities, integrated preprocessing facilities, and integrated biorefinery facilities, which is shown in Equation 4. The variable operating costs include the costs for plant operation, such as electricity, process water, and catalysts.
The annual fixed operating cost ���� ������ is defined by Equation 5. The fixed operating cost includes the salaries, overhead, and maintenance costs for the distributed preprocessing facilities and integrated facilities.
The annual biomass collection cost ���� ������� is the sum of collection costs for raw biomass and roadside chipped biomass given in Equation 6 .
The annual biomass transportation cost ���� �� �� includes the transportation costs of all of the materials (biomass, chemicals, and natural gas), as shown in Equation 7 .
The plant capital cost, the sum of capital investment for all of the facilities, is assumed to be invested in the current year, so the discount factor is not applied (see Equation 8) .
Environmental objective
The environmental objective for GHG-emissions minimization is defined as follows:
where:
In Equation 9, � ������� is the CO2-equivalent GHG emissions associated with the biomass collection processes. Here , � �� �� is the CO2-equivalent GHG emissions associated with the materials transportation processes. The term � �� is the emission of a transporting-unit amount of raw biomass, � �� is the emission of a transporting-unit amount of roadside chipped biomass, and � ���� is the emission of a transporting-unit amount of preprocessed biomass. The term � �� is the emission of a transporting unit amount of natural gas, and � �� is the emission of a transporting unit amount of chemicals. In Equation 11 , � ���������� is the emissions associated with the biomass conversion processes. Here � ��� is the emission of raw biomass preprocessing process, � ��� 2 is the emission of roadside chipped biomass preprocessing process and � �� �� is the emission of a converting unit amount of preprocessed biomass at biorefinery facility location k.
Biomass supply constraints
In this section, the mass balance of biomass flows and facility capacities constraints are included. The total collected biomass � � should not exceed the total biomass allowed for collection in harvesting location i. In Equation 12 , � is the sustainability factor, which illustrates the allowed collection percentage of the available biomass.
The total collected biomass � � can be categorized into two types: raw biomass and roadside chipped biomass. They both can be transported to either the distributed preprocessing facility location j or the integrated facility location k. In Equations 13-15, � �� and ℎ �� are the amount of transported raw biomass and roadside chipped biomass from harvest location i to distributed preprocessing location j. � �� and � �� are the amount of raw biomass and roadside chipped biomass transported from harvest location i to integrated facility location k. is the loss factor for the biomass transportation process. � � is the total received biomass (raw biomass and roadside chipped biomass) in distributed preprocessing facility location j, and � � is the total biomass (raw biomass and roadside chipped biomass) received in integrated preprocessing facility location k.
�=1 � �=
Distributed preprocessing facility constraints
The distributed preprocessing facility constraints are shown in Equations 16-20.
For each candidate location j, there is at most one facility with capacity level l.
The total number of distributed preprocessing facilities at location j with capacity level l
should not exceed the maximum number �� � ��� .
For equations 8 and 9, the received biomass � � is preprocessed with a yield � of � � at distributed preprocessing facility location j and then � � is transported to the integrated biorefinery location k.
Integrated facility constraints
The total biomass (raw biomass and roadside chipped biomass) received in integrated preprocessing facility location k is presented as � � . As indicated in Equation 21 , the received biomass is preprocessed to dry biomass with a yield � of � � at location k. The In addition to the chemicals, the co-products pyrolytic lignin and biochar are produced at integrated biorefinery facility. In Equation 24 , � � is the conversion rate for co-products and � �� is the production of co-product v at location k.
The total preprocessed biomass for the integrated biorefinery facility at location k should not exceed the capacity of the integrated biorefinery � In Equation 27 , the total number of facilities should not exceed the maximum facility number ��� ��� due to budget constraints.
Natural gas and chemicals constraints
In Equation 28, the total natural gas demand at the biorefinery locations is the sum of natural gas flows from various natural gas suppliers. The supplied natural gas from location n to all biorefinery facilities should not exceed the available natural gas in supply location n as indicated in Equation 29 . In Equation 30, natural gas demand is calculated as a factor of the preprocessed total biomass � � at biorefinery location k. The total chemicals production � ��� (Equation 31 ) is the sum of all types of chemical m produced from all of the integrated facility locations. In Equation 32 , the total chemicals production should not exceed the maximum chemicals demand.
Result and Discussion
Data Sources
In this paper, forest residue is the feedstock and the state of Minnesota is employed for the case study. The amount of available forest residue is obtained from the National Table 2 here} emissions. The variable operating costs for facilities and emissions data are derived from the reference plant data (Table A3) The collection costs for raw biomass and roadside chipped biomass are based on Leinonen (2004) . Forest haulage cost is $9.8/ton for raw forest residue. The stumpage price for the forest residue is assumed to be $5/metric ton. So the collection cost for raw biomass is $15.8 /metric ton. For roadside chipped forest residue, there is a $9.8/ton haulage cost, $9.8/ton chipping cost, and stumpage cost of $5/metric ton. Therefore, the collection cost for roadside chipped forest residue is $26.6/metric ton.
The costs of the harvesting methods of forest residues also have been reported by Leinonen (2004) . The four harvest methods include bundle, terrain chip, road chip, and plant chip. The road transportation costs for raw forest residue and roadside chipped forest residue are $12.8/ton and $18.3/ton for 80 km. As calculated, the variable {Insert Table 4 here}   {Insert Table 3 This model employs MATLAB to collect the data and uses geographic information system (GIS) software to map the biomass availability and locations. The mathematical model is coded in GUSEK and solved with Gurobi.
Results and analysis for economic objective model
The economic objective model is developed to determine the economic feasibility and optimal capacities and locations of the distributed preprocessing facilities and integrated facilities in Minnesota by maximizing the net present profit for a 20-year project.
3a shows the forest residue availability. The northern Minnesota has the most abundant forest residue sources, especially in Lake, Itasca, St. Louis, Koochiching, Cass, Aitkin, Hubbard, Clearwater, and Beltrami Counties. The forest residue in those nine counties Table 1 .
{Insert Table 1 here} {Insert Figure 3 here} modeled should be to be built
The main biomass mass flows to the three integrated facilities (integrated preprocessing and biorefinery) are shown in Table 2 . Most of the biomass arriving at the St. Louis
County or Cass County integrated preprocessing facilities is raw biomass or preprocessed biomass from distributed preprocessing facilities. The third integrated facility, located in Dakota County, receives raw biomass and road chipped biomass from near biomass harvest sites and preprocessing biomass from Aitkin County. The raw biomass is preprocessed and converted to commodity chemicals at this integrated facility. Each integrated facility has a natural gas supplier nearby.
{Insert Table 2 here}
The facility capital cost is the largest expenditure, representing 33% of the total cost. The production cost accounts for 30% of the total cost, which includes the fixed operating cost (19.4%) and the variable operating cost (10.3%). The remainder of the cost comes from the biomass collection and transportation cost, which are 18.9% and 18%, respectively. The transportation cost includes the costs of transporting the biomass, commodity chemicals, and the natural gas.
The biomass transportation is the largest among them, representing 13.9% of the total cost. A breakdown of the total cost is shown in Figure 4 .
Factors influencing project profitability
the effect of chemicals demand on project profitability. Here the relative chemicals demand in x-axis represents ratio of chemical demand to baseline demand. The profitability increases directly with increasing chemicals demand from 25% to 75% of the current production. Profitability increases to $494 million when chemicals demand reaches 75% of the baseline. After that, profitability stays constant even as the chemicals demand increases. This is because the forest residue is not sufficient to achieve the largest profitability possible when the chemicals demand is 75% of the baseline. So even when the chemicals demand increases, the biomass supply is not sufficient to meet the demand.
{Insert Figure 3 here}
Based on the analysis of effect of chemicals demand variation on total profitability, it is illustrated that the biomass availability plays a significant role in the total profitability.
Seasonal and other factors (competition of biomass etc.) cause variation in biomass availability and thus lead to different optimal solutions. Figure 3(b) illustrates the effect of variation of biomass availability on the project profitability. Here the relative biomass availability in the x-axis means ratio of biomass availability to baseline availability. The project profitability increases as the biomass availability increases. As discussed, the project profitability is limited by insufficient biomass. When there is an increase in biomass availability, the project profitability will increase significantly.
The competition for this feedstock will lead to increasing forest residue price. Biomass collection cost is an important parameter for the project profitability, representing 18.9% of the total capital cost. The effect of variation in biomass collection cost on project profitability is analyzed in Figure 3 (c). Here the relative biomass collection cost in x-axis is ratio of biomass of collection cost with respect to the baseline biomass collection cost.
It is illustrated that when the biomass collection cost is reduced to 25% of the baseline, the maximum profitability for the project increases to $812 million. The profitability decreases to just $165 million when the biomass collection cost is twice the baseline cost.
Facility capital cost is the largest contributor to project profitability. As indicated in Figure 3 (d), if the facility cost is double the baseline, there is project profitability will drop to zero. Here the relative facility capital cost in x-axis is ratio of facility capital cost with respect to the baseline.
Results and analysis for the economic-environmental multi-objective model
The multi-objective model is formulated to analyze the trade-off between minimizing GHG emissions and while maximizing project profits. The ε-constraint method is used to solve this multi-objective problem. The Pareto curve generated by all of the optimal solutions is shown in Figure 4 The Pareto curve illustrates the trade-offs between economics and environmental effects.
When the production capacity is comparatively small, the profitability grows fast with a small increase of GHG emissions. After a certain production capacity (point B), however, the profitability grows much slowly. From point A to point D, the optimal integrated facility locations always include St. Louis County, which indicates that St. Louis County is the most favorable location to build the integrated chemicals plant.
Conclusions
This work investigates the economic feasibility and the optimal production planning and facility locations for commodity chemicals production via woody biomass fast pyrolysis. 
